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????????????????????? (LLS) [9,10]??????? (DLS) 




































































































































































































































































???     (2-1) 
???? ),ˆ,( tsL r ????? (radiance) ???????? )(r ???????? )ˆ(s ??
??? )(t ??????????????? W/(sr·m2) ???? a? ?????? s? ??
??????? v??????????? )ˆ,ˆ( ssf ? ??? )ˆ(s ?? )ˆ(s? ????????




???????????? 1P ???????????????????? (photon 
fluence) ),( tr? ???????? (photon flux) ),( tJ r ????????????
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                    (2-2) 
??????????? ),( tr? ???????? ),( tJ r ????? ),ˆ,( tsL r ??
???????????
? ?? dtsLt ),ˆ,(),( rr?                        (2-3) 












),ˆ,( 0 ??? rSrr 1??
                  (2-5) 
),(0 tS r ???????? ),(1 tS r ????????????????????????
???????????????????????????????????????


















? ???             (2-7) 
???? s???????????????????????????????????
?? g?????????????????????
)1( gss ??? ??                            (2-8) 
? 2.2?????????????? g???? sˆ?????? s?ˆ ?????????
???????? )ˆ,ˆ( ssf ? ???????????????
?? ??? dfg cos)(cos                         (2-9) 
? 2.2 ??????????
g = 0????????g = 1??????g = -1?????????????????
??g = 0.69 ~ 0.99 ????
????????????????????????????????? ?jt ???? /










                      (2-10) 
???? )](3/[1 saD ?? ??? ???????????????????????????
3 GHz???? vD /31 ??? ?????????(2–10)?????????????
)()( rrJ ???? D                          (2-11) 
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100//1 0 ???? zvsc?? GHz ?????????????????? 1.5???????
?? )/1(0 sz ??? ? 1 mm??????????????????????? 10 cm
–1 ? ?s’
? 50 cm–1?????????????????????????? 0z ???????
???????????????????? 50 cm–1?? 0.2 mm??????????












(a) ????? (b) ?????? (c) ???????
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? 2.1 ??????????????













































































































































)Im(           (2-18) 
? 2.4 ???????????????????
(Absorption coefficient 0.01 cm–1, Reduced scattering coefficient 10 cm–1
Refractive index 1.333) 
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? 2.5 ?????????????????????
(Absorption coefficient 0.01 cm–1, Reduced scattering coefficient 10 cm–1
Refractive index 1.333) 
? 2.4?? 2.5????????????????? 0.01 cm–1???????? 10
cm–1????? 1.333?????????????????????????????













? ? )4ln()ln()Im()(ln DSrkrr ?? ????                 (2-19) 





































































irrad ?????? ? ??
?
                (3-1) 
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R when c?? ??0   (3-3) 
1?                                       when 2/??? ??c  (3-4) 
???????? ? ns ˆˆcos ??? ???????????? ?? ?? sinsin outnn ???????














Fresnelirrad ????? ? ??
?
?           (3-5) 























































??                       (3-10) 
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???? nˆ????????????????? effR ???????????????
?????????? (Dirichlet boundary condition) ????????? (Neumann 
boundary condition) ????????????????????????????















































































?                      (3-13) 
???? 1r ??????????????????? 2r ??????????????




?(3–11)?? 1????????? ( x = 0, y = z0 ) ?????????? 2?????
?? ( x = 0, y = -z0 ) ????????????? 3????? ( x = 0, y = -z0 ) ?? ( x


























12 ????? ??              (3-15) 
????????? airmediumrel nnn /? ???????? mediumn ??????? airn ?
???????????????????? 1.33???? 068.1 zzb ? ????????
































2 ])([ zzxrp ??? ,
2/12
0
2 ])2([ bn zzzxr ????           (3-17) 
???? pr ????????????? nr ????????????????????
? z????????????????????????
?????????????????????????????????????
10 cm–1 ? ?s’ ? 50 cm–1, 0.03 cm–1 ? ?a ? 0.15 cm–1, 1.33 ? n ? 1.40, 0.431 ? Reff ? 0.493, 1 cm 











































































??                         (3-20) 






























































2 ])42([ znznlzxr bzp ????? ,
2/12
0
2 ]))24(2([ zznnlzr bzn ?????? ? (3-23)
???? pr ????????????? nr ????????????????2???



















































































































































































?????????? 1.739 nm????????????? 3.9??????????
?????????????????????????????????? 75–85%?
?????????? (Spherulite) ??????????? (Lamella) ???????
??????????? 10 nm???????? mT ? 166????????? gT ?-56?
???????????????????????????????????????
????????????????????????????????????? 1.48 






???????????????? [61–65]???????? 660 nm ???????
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?????????????????????????? 50 MHz???? 18 cm??
????? 100 MHz???? 11 cm??????????????????????
???? 1 mm????????????????????????????????
???????????????????????????????????????












Amp: amplifier, LD: laser diode, LPF: low-pass filter, OSC: oscillator, 









nm ?? 800 nm ???????????????????????????????









? 3.12 ???? 20%?????????????????????????????
???????????????????????????????????????
????(a) 3??? (b) ???
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? 3.13 ????????????????????????
? 3.14 ???? 20%???????????????????
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3.5.2 ?????????





????? 0z ?? 1 mm ????????????????????? 10 mm ??
)10( 0z? ???????????????????????????????????




? 3.15 ??????????? 40 mm?? 50 mm????????????????
???????????














??????????? 2??????? 1000????????? 3.18?? 3.19??
???????????????????????????????????????
?????? mV???????????????????????????????




33 /)()(1 ??? ?? dxxfxg                      (3-27) 
44 /)()(2 ??? ?? dxxfxg                     (3-28) 










12 )()( gg zzK ??                        (3-29) 
???? 1gz ? 2gz ???????????? g1??? g2?????????????
??????? 3.18?? 3.19?????????????????????????
???????????????????? 4.10 mV??????? 1.09 ? 10–5???
? 0.0466???? 2.75?K2? 2.60 ???????????????????????
?????????????????? 36.36 degree??????? 0.147????-0.0198?
??? 2.89?K2? 0.623????????????????????????????
???????????????????????????? z??????? 100 mm 
 39
?????x???? 5 mm????????-30 mm ? x ? 30 mm?????????
???????????????????????????????????
? 3.18 ?????????????????????????????????? 100 
mm????2?????? 1000????????
 40




















        (3-30) 
???? meas? ?????????????? )(mcalc? ???????????????












???                  (3-32) 




)()( mwSm calccalc ??                         (3-33) 
????S ????????????????? )(mwcalc ?????????????
?????????????????? )(mL ?????????? 0/ ??? SL ???
2
)(/)( mwmwS calcmeascalc ?









































































? 3.20 ????????????????????? - ????????????
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? 3.21 ????????????????????? - ?????
? 3.1??????????
??? ??? ?????
???? [cm–1] 0.0079 0.0077 0.0071 
?????? [cm–1] 10 10 10 
???? - 2.9e-3 2.2e-5 
????? - - 0.007 










mm ? 200 mm ? 50 mm???????????????????????????(xs, ys,





50) mm??????????? (xs, ys, 50) mm???????35 mm ? 35 mm?????







(Olympus CAMEDIA E-10, F=2.4, Exposure time 2 sec, ISO-80) 




? (252.5, 100, 0) mm????????????? (252.5, 100, 50) mm?????? 35
mm ? 35 mm?????????????????????????????????
???????????????????????????????????????
?????????????????????????? 3.25?????x = 254 mm
???y = 82.5 mm?? y = 117.5 mm??????????????????????
????y = 102.5 mm???x = 235 mm?? x = 270 mm?????????????
??????????????????????????????? 3.26 ?????
??????? (252.5, 20, 0) mm?????????????  (252.5, 20, 50) mm ?
????? 30 mm ? 30 mm??????????????????????????
???????????????????????????????????????
???????????????????????????????????????
?????????????? 3.26?????x = 252.5 mm???y = 5 mm?? y = 35 
mm??????????????????????????y = 20 mm???x = 235 mm
?? x = 270 mm???????????????????????????????
??????????????????? 50 MHz????
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? 3.25 ???????????? (252.5, 100, 0) mm??????????? (252.5, 
100, 50) mm?????? 35 mm ? 35 mm????????????????????
??????x = 254 mm???y = 82.5 mm?? y = 117.5 mm???????????




? 3.26 ??????????(252.5, 20, 0) mm???????????(252.5, 100, 50) 
mm?????? 30 mm ? 30 mm????????????????????????
??x = 252.5 mm???y = 5 mm?? y = 35 mm?????????????????











































































        (3-39) 
???????????????? sr ?????????? dr ?????????
?????????????? i ? j ?????????? x, y?????????
??????????????????????????? x??? y????? 5 mm
??? 30 mm ? 30 mm?????????????????? 25??????????




dscalc ??? ?rr ????? a? ???
???? s?? ????????????????????? ????????????








?????????????? 25 ????????????? 3.2 ????????
???????????????????????????????????????
???????????????0.001 cm-1 ? ?1 cm-1 ??????????????
??????????????????? (252.5, 20, 0) mm ??????????
(252.5, 100, 0) mm ? 2?????????????????????????? 0.004 
cm-1 , ?????? 8 cm-1???????????????????????????
??????????????????????????????????????
?????????????????? [72–74] ????????????????


















(252.5, 100, 0) 0.004 8 
Semi-infinite 
geometry [68–70]P








?????????????? (252.5, ys, 0) mm????ys????????????
????????????????? (252.5, ys, 50) mm?????????????







????????????? 0.004 cm-1 , ?????? 8 cm-1???????????






(252.5, ys, 0) mm ????y???? 10 mm????????????????????















10 0.002 10 Rectangular
parallelepiped geometry 
(Present work) 
20, 30, 40, 50, 




















? 3.30????????? (25, 25, 0) mm?????????????????? (z






??? (25, 25, 0) mm?????????????????? ( x = 0 mm)??????
???????????????????? 3.31(a)????????????????











? 3.30 ?????? (25, 25, 0) mm?????????????????? (z = 50 
mm) ?????????????????????(a) ???? (b) ??????
?????????? 100 MHz 
? 3.31 ?????? (25, 25, 0) mm?????????????????? (x = 50 
mm) ?????????????????????(a) ???? (b) ??????



























































? 4.1?????????????????????????? )(0 ?I ??????
??? )(?tI ?????
)exp()()( 0 cdIIt ??? ??                        (4-1) 
??????










)()()](/)(log[ 0 ?????? GdcII
i
iit ????? ?               (4-3) 
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????????? i?????????????????????????????
??????????? d?????????????????? )(?? ??????
????? d?)(?? ??????? )(?G ??????????????
? 4.2 ??????????????????????????????????
???????????????????????????????????????






































            (4-4) 
????????? i?????????????????N ???????????
???a????????m???????????????? ( 21 / nnm ? ? 1n ???
???????? 2n ??????????)?????????Q?????????

















3 ?????????????   (4-5)
????????? i ?????????????? N ??????????????
























































????? 4.4??????????????????????????? 660 nm






50 MHz????????????????? 660 nm? 780 nm??????????











Amp: amplifier, LD: laser diode, LPF: low-pass filter, OSC: oscillator, 


















??????? pH 9.2 
?? 2.3 
???? (SiO2) ??? 40.4 % 








mm?? 1 mm??????????????????????????? 660 nm??
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? 780 nm???????????????? 660 nm??????? 1.3 mW????
780 nm???????? 0.6 mW????????????????????????
????????????? 50 MHz?????? 660 nm??? 18 cm??????
? 780 nm??? 30 cm?????
? 4.6 ????????????????????????????????????
???????????????????????????????????????
??(a) 3??? (b) ???
 67
   
(a)                                      (b) 
? 4.7 ????????????????????????? (a) ????????
????????????? (b) ??????????????????
? 4.8 ?????????????????
(Olympus CAMEDIA E-10, F=2.4, Exposure time 2 sec, ISO-80) 
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? 4.9 ???????????????????????????????????






?????????????????????? 0.008 cm–1? 21 cm–1????????
?? 780 nm??????????????????????? 0.029 cm–1? 8 cm–1?






2100),( ???? maN ss ??  [m
–3]                      (4-8) 
8.042.0),( ???? ??? aN aa  [m
–3]                    (4-9) 
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???? 780 nm?????
800),( ???? maN ss ??  [m
–3]                     (4-10) 
9.27.2),( ???? ??? aN aa  [m
–3]                   (4-11) 
?????? a? ??????? s? ????????????????????????
??????? m )/( 21 nn? ??????????????????????????
??????660 nm???? 456.11 ?n ?????780 nm???? 453.11 ?n ??? [83]?
?????????????????????? 660 nm???? 333.12 ?n ?????
780 nm???? 330.12 ?n ??? [84]??????????????????????




??? 660 nm??? 780 nm???????????????
????????????)
 660 nm 780 nm 
Particle size (nm) 113 ? 3 
Number density (m–3) (2.3 ? 0.3)×1020







???????????? 0.001 cm–1, ?????????1 cm–1??????????
????????????????????????????????????? ?3





? 113 nm???????????? ?1 nm???????????????????
????? 375 nm??????????????????????????1.475 [89] 
???????????????????????? (Dielectrophoresis) [90] ????
???????????????????????????????????????
400?????????????????????????????????????
? 134 nm????????? ?5 nm??????????????????????
? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? BET 

























*Combination of diffusion, density and dielectrophoresis 
?????????????????????????????????????













 [m-3]                (4-12) 
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????????????????????? 660 nm???? (9.9 ? 2.0) ? 10–7?
???? 780 nm???? (8.1? 3.0) ? 10–7?????Philipp [92] ??????????
????????????????????? 148 nm???? 2.7 ? 10–7??????




















? 4.11 ???? (Meiji Dairies) ???????????????????????
??????? 200 mm????????????????? 6.8 l????? 4.12?
???????????????????????????????????????
??????? 40 mm?? 80 mm?? 1 mm??????????????????
????????? 660 nm??? 780 nm???????????????? 660 nm
??????? 3.8 mW???? 780 nm???????? 1.2 mW?????????
???????????????????????????????????????
????????????????? 50 MHz?????? 660 nm??? 9 cm???









???????????40 mm?? 45 mm?? 1 mm??????????????
???????????????????????????????????????
? 780 nm?????????????????????? 680 nm?????????
????????? 660 nm???????????? 780 nm???????????
??????????????????????????????????????




























? 660 nm??? 780 nm????????????????? 660 nm???????
??????????
? 4.4 ???? 100%???????????????






660 0.011 41 Diffuse photon density 
wave spectroscopy 
(Presented work) 
780 0.032 28 
680 0.0087 37.5 Other reseacher 
[93, 94] 800 0.024 25 
???? 100%???????????????????????????????
????????????????????? 100%???????????????
?????? 660 nm???? 0.011 cm–1? 41 cm–1????????????? 780 nm




1.142.0),( ???? ccaca maN ??  [m
–3]                   (4-13) 
4100),(),( ?????? ffsfccscs aNaN ?????  [m
–3]            (4-14) 
???? 780 nm?????
2.37.2),( ???? ccaca maN ??  [m
–3]                    (4-15) 
2800),(),( ?????? ffsfccscs aNaN ?????  [m
–3]            (4-16) 
??????
???? a? ??????? s? ????????????????????????
? 1.57 [95]????????? 1.4564 [96]???????? 1.35 [97] ???????
?????????????? 600 nm???? 800 nm??????????????
?????????????????????? 660 nm???? 0.00418 cm–1???




??? 4.5??????????????????????????????? 660 nm
????(5.8 ? 0.4) ? 10–8?????? 780 nm????(6.0 ? 0.4) ? 10–8?????
? 4.5 ?????????????????????
(??????????)




Fat globules 386 ? 12 (6.6 ? 0.2)×1017









??????? 400 nm??????? 1017 m–3 ?????????????????








Fat globules 400–600 (Ref.99) (0.5–2.0) ×1017 (Ref.100) 
Casein micelles 80–120 (Ref.101) (0.5–1.5) ×1019 (Ref.101) 
?????????????????????????????????????




























































































?????????????? ? 0.00003 cm–1???????? ? 0.15 cm–1?????
???????????????????? 0.001 cm–1, ????????1 cm–1???
??????????????? 5.2??????????????????????
???? 5.4 ????????? (WB-100SA, AS-ONE) ?????????????










????????(Fujicco)15 ml???? 100 ml?????????????????
???????????????????????????????? Lactococcus 




40 mm??????(a) 3??? (b)???
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? 5.3 ???????????



















































? 5.10 ??????????????????? (???? 660 nm) 





























































































































?????(Radiance) ),ˆ,( tsL r ?
??????????????????????????????????????
?? )(r ???????? )ˆ(s ??????????????????????????
??????????????? W/(sr?m2) ??????????? ),ˆ,( tsL r ????
???????????? ),ˆ,( tsdP r ??????????????????????dA
?????? ?d ???????r???? sˆ???????sr = steradian??????
??????




???????(Photon distribution function)? ),ˆ,( tsN r ?
?
?ddrtsN 3),ˆ,(r ???? 3dr ???? ?d ??? t??????????????
1/(sr?m3)????????? ),ˆ,( tsN r ??????????????????????
????
chvtsNtsL ),ˆ,(),ˆ,( rr ?                     (A-2) 
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),ˆ,(),ˆ,(),( rrr                (A-3)  







ˆ),ˆ,(),( rr                       (A-4) 
?????(Phase function of single scattering) )ˆ,ˆ( ssf ?
)ˆ,ˆ( ssf ? ??? sˆ?????? s?ˆ ????????????????????????








                        (A-5) 























































































),ˆ,(ˆˆ),ˆ,( rr ?? ??????                    (B–3)  










a ),ˆ,()( rr?? ?                           (B–5) 








?                    (B–6) 







































































ml rr ? ?
? ??








ml rr ? ?
? ??






















             (C–3) 
???? )(, ?
?











































),(1,1 ??                          (C–8) 
??
?
?? ieY ?? ? sin
8
3







































0,0 sYtLdsYtL rr ?
?























0,1 ??? ?? ?????
?
?















dLdedsYtL ir           (C–16) 
?????????????????????????????????????????

























           (C–18) 
??????????????????????????????
? ?? ?1,11,10,10,11,11,10,00,00,11,11,11,11,1 2),(,
3
2










ˆ),ˆ,(),( LLLiLLdstsLtJ ?? ?????? ?
?
?
rr     (C–20) 
???? ?? ?? 1,11,1 YY ?????????????
????????????????????? 1?l ?????????????????









































),ˆ,( 10 ??? rrr ??
                  (C–23) 
????????????? 1P?????????








































































            (C–25) 
???? )ˆ()ˆ( ,1,1 sYsY mm ?
? ? ?cosˆˆ ??? ss ?????
???????????????????????????









??????? ?? gdggdssf ???
?
?



































































































































































































































































































































i ?? /  )2( ???a                        (E–1) 


















???? 1? TE???????? z???????????????? x??? y?
???????? xa ? ya ????????????
)exp( tiikzaE x ????                          (F–1) 













HE tiikr??????                    (F–4) 

























































































































???? ??                   (F–13) 
)()()()2( ziNzJzH nnn ??                        (F–14) 
)()()( zizz nnn ??? ??                         (F–15) 
?????????m?????????? 1m ??????? 2m ???????







? 222 ???                           (F–17) 
mkay ?                                 (F–18) 















































2 sin)(cos)(),( iiF ??                     (F–21) 






























































































               (F–24) 



































????? (TCLDM9, Thorlabs) ???????????????????? (LDC500, 
Thorlabs) ?????????? (TEC500, Thorlabs) ???????????????











Wavelength [nm] 660 780 
Optical power [mW] 40 10 
Threshold current [mA] 57 25 
Operating current [mA] 117 40 
? G-2. ??????




Frequency range 250 kHz–4 GHz 100 kHz–1.3 GHz 





Type Graded index multimode 
NA 0.275 
Core diameter 62.5 ?m










( 50??s?  cm
–1)?????????????????? G–4 ????????????
???? (R3896, Hamamatsu)?????????????????????? (C3830, 
Hamamatsu)??????? 800 V?? 1000 V??????????????????
????????????????????????? (C5594, Hamamatsu) ?????
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???????????? 36 dB?????????? 50 kHz?? 1.5 GHz????
?????????????????????????????? 5 ???????
400 ?m???????(BFH48-400, Thorlabs) ???????????? 6?????
? 1 mm??????? (FT-1.0-EMT, Thorlabs)??????????????????









Type Photomultiplier tube 
(PMT)




Spectral range [nm] 185–900 400–1000 200–1100 
Diameter f [mm] 28 0.5 1 
Gain 9.5 ? 106 2.5 ? 105 - 










Type Step index multimode 
NA 0.48 
Core diameter 400 ?m





Type Step index multimode 
NA 0.39 
Core diameter 1000 ?m
Cladding diameter 1035 ?m
G-3. ????????????
   2?????????? (5610B, NF Electric instruments) ????????????
????????????????????????????????????? 110 
dB ???????? )cos()( ?? ?? tAtV ii ????????? )cos()( tBtV rr ?? ????
? G-5????????????????? )(tVm ?????????
? ?])cos[(])cos[(
2





)( ??? ??? tABtV rim                     (G–2) 











??????? 2?????????????? G-6??????????? 2???







???? G-7?????? LabVIEW7.1 (National Instruments) ?????????????
?????????????????????????????????????
RS232C ????????? PCI-4155 (Interface) ? 2 ????????????
SHOT-602 (Sigma koki) ????????????? SGSP26-200 (Sigma Koki)????
???? 200 mm??????????z????????????????????
???????????????????????????????????? GPIB






Model Mini Circuit 
ZSC-2-5
Frequency range 10 MHz–1500 MHz 
Isolation 30 dB 
? G-8. ??????
Model Mini Circuit 
ZP-5
Frequency range 20 MHz–1500 MHz 
Isolation 42 dB 
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? G-9. ????????????
Model Mini Circuit 
BLP-1.9
Frequency range 0 MHz–1.9 MHz 
? G-10. ?????????
Model NF Electronic instruments 
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